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A periodically domain-inverted KTiOPO4 crystal has been characterized for the first time by
multiple-crystal multiple-reflection x-ray topography. The striation contrast within the domain-
inverted regions has been revealed in high strain-sensitivity reflection topographs. The origin of
formation of the striation contrast and the mechanism of domain inversion in KTiOPO4 are
discussed in terms of the structural characteristics of KTiOPO4. © 1995 American Institute of
Physics.Potassium titanyl phosphate KTiOPO4 ~KTP!, has re-
ceived intense interest for some time as a nonlinear optical
material for novel applications because of several unique
properties, such as a high effective nonlinear optical coeffi-
cient, a wide acceptance angle for type II noncritical phase-
matching, thermal stability, and high laser damage
threshold.1–3 A considerable body of work on the physical
properties and structures of crystals of the KTP family has
been carried out including studies of the ferroelectric phase
transition and the related formation of domains in KTP
crystals.2–11 Nevertheless, it is noted that naturally occurring
domains and domain walls have never been directly ob-
served in KTP primarily because they are 180° domains.
KTP is presently widely used for frequency doubling
1.06 mm radiation from Nd:YAG lasers to generate green
light. However, extension of the applicability of KTP via
reversing the domain polarization or domain inversion tech-
niques will be valuable for other optical applications. Using
domain-inversion techniques, it is possible to phase-match
an arbitrary wavelength by selecting the appropriate period
of modulation.12,13 Recently, a periodically poled domain
structure in a ~001! section of KTP has been fabricated by
electron beam scanning on the ~001¯! face.14 Furthermore,
techniques to fabricate periodic domain inversion in
LiNbO315–18 and LiTaO3,19 as well as in KTP,14,20,21 have
been developed rapidly. However, it seems that periodically
poled domain structures have not been well understood thus
far. Since it is necessary to develop reliable and reproducible
periodic-poling techniques for high-quality optical devices,
the establishment of a structural and microstructural under-
standing of periodic domain inversion is of considerable im-
portance and interest.
Multiple-crystal x-ray diffraction topography22,23 has
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tals or thin films of semiconductors and related materials
because of its high strain sensitivity. To our knowledge, this
technique has not been applied to inspecting periodic
domain-inversion as yet. In the present letter, we report for
the first time multiple-crystal x-ray topographic characteriza-
tion of a periodically domain-inverted KTP crystal. The ex-
perimental results give a clear demonstration of the great
potential of multiple-crystal topography in characterization
of periodically domain-inverted nonlinear optical crystals.
Several blocks of domain-inverted regions of period 20
mm in optical grade hydrothermally grown KTP were pro-
duced by scanning an electron beam on the ~001¯! ~or-c!
face.14 The sample was then etched using a domain-selective
etch at 220 °C that preferentially attacks the ~001¯! surface.
Figure 1 shows an optical transmission micrograph of the
periodically domain-inverted structure in one of the grating
blocks in the etched ~001¯! face of KTP. The period of the
domain inversion was revealed to be 20 mm with domain
walls parallel to the ~100! lattice plane. A Philips high reso-
lution multiple-crystal multiple-reflection x-ray diffracto-
meter,23 which combines the advantages of a two-crystal
four-reflection Ge 220 monochromator and Ge 220 analyzer,
was then used for characterization of the periodically
domain-inverted KTP sample. The x-ray diffraction topo-
graphs were taken using Cu Ka1 radiation with 40 kV330
mA, and recorded on 25 mm Ilford L4 nuclear emulsion
plates.
004¯ and 008¯ symmetric reflections with a three-crystal,
five-reflection geometry were used for high strain-sensitivity
x-ray diffraction topography. The rocking curve widths of
004¯ and 008¯ reflections from the sample are 45 and 30 sec-
onds of arc, respectively, larger than the angular and spectral
divergence of the incident beam produced by the monochro-
mator. The defect images occur from deviation from the dif-
fraction condition due to either a change of orientation u or13)/13/3/$6.00 © 1995 American Institute of Physics
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of lattice spacing d , or of both simultaneously. This can be
simply written as follows22:
DI5KS Ddd tan uB1du D , ~1!
where uB is the Bragg angle, K is the slope of the rocking
curve flanks, Dd/d the local relative change in spacing of the
diffracting planes, and du the component of the local lattice
rotation with respect to the goniometer axis. The Dd/d and
du effects can be separated via two-dimensional diffraction
maps.23
A clear demonstration of the contrast difference between
the domain-inverted grating block and the untreated area
~without electron-beam writing! is shown in Fig. 2, taken at
the steep part of the rocking curve flanks. Figure 2~a! corre-
FIG. 1. Optical micrograph of periodically domain-inverted structure on the
~001¯! face of a KTiOPO4 crystal. The dark lines correspond to domain walls.
FIG. 2. Three-crystal five-reflection topographs of a periodically domain-
inverted KTiOPO4 crystal. Magnification 365; ~a! The untreated region, 008¯
reflection; ~b! showing the striation contrast within the domain-inverted
zone ~right-handside!, 004¯ reflection; ~c! showing the striation contrast
within the domain-inverted region ~right-handside!, 008¯ reflection.14 Appl. Phys. Lett., Vol. 66, No. 1, 2 January 1995
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domain-uninverted region which is characterized by a rela-
tively smooth distribution of intensity. However, sets of ver-
tical striations in domain-inverted blocks were observed in
the 004¯ and 008¯ reflections @Figs. 2~b! and 2~c!#. The left-
hand side of each of these two topographs corresponds to the
untreated zone and the right-hand side is the domain-inverted
region. The striation features revealed in the 004¯ and 008¯
reflection topographs appear essentially the same, but the
sensitivity in Fig. 2~c! is higher than that in Fig. 2~b!. The
enhancement of striation contrast at the border of the
domain-inverted region in Fig. 2~b! is attributed to the image
condensation and the local surface effect due to low Bragg
angle incidence compared with the 008¯ reflection topograph.
The steep slopes of the rocking curve flanks for the 004¯ and
008¯ reflections are 1.43106 and 2.33106 ~cps/deg!, respec-
tively. This means that it is possible to detect low lattice
strains of 1027 or small rotations of 1023 second of arc in the
x-ray topographs. The striation contrast disappeared when
x-ray topographs were taken at tails of the rocking curves,
suggesting that lattice distortions are very low. The typical
rocking curve widths of the 008¯ reflection obtained from v
and v/2u scans using the triple-axis mode23 in the domain-
inverted regions are 17 and 13 seconds of arc, respectively.
Such difference in the rocking curve widths was not ob-
served in the untreated regions while we performed v and
v/2u scans. Therefore, the distortions generated within the
domain-inverted regions should come principally from the
lattice tilt du rather than the lattice dilation Dd/d .
Careful inspection of the images shows that the spacings
of the striations revealed in the x-ray topographs are much
larger than the period of the domain inversion, and that the
striation distributions in different grating blocks are not iden-
tical. This suggests that the topographic striations are not
identical with the contrast resulting from either the domains
or domain walls. Then, what is the original of the formation
of the striation contrast in the topographs in the domain-
inverted regions?
It is noted that the KTP sample is strained when sub-
jected to electron bombardment because of the converse pi-
ezoelectric effect. The piezoelectric tensor di jk , for point
group mm2 is
S 0 0 0 0 d131 00 0 0 d223 0 0
d311 d322 d333 0 0 0
D . ~2!
In the domain-inversion experiment, the applied electric field
(E3! is along the @001# direction. So, the components of the
induced strain are
S115d311E3 ,
S225d322E3 , ~3!
S335d333E3 .
This means that the electric field produced by the electron
beam bombardment causes three mutually perpendicular
components of the strain in the irradiated regions, together
with the domain inversion. In principle, the strained andHu et al.
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strain-free regions should appear alternately because of the
periodic arrangement of the electron-injected and untreated
zones. However, the induced strains interact with the initial
strain fields in the sample so that local lattice tilts or inho-
mogeneous lattice strains are more easily generated around
initial defects than in the near-perfect area. This is major
reason why the striation spacing does not coincide with the
period of the domain inversion. Similar results have been
observed in domain-inverted LiNbO3,24 where the ‘‘mosaic
structure’’ generated in the domain-inverted process is simi-
lar to the initial distribution of dislocations in the sample.
The observations can be put into the context of the struc-
tural characteristics of KTP. The ferroelectric phase transi-
tion of KTP is assumed to be displacive and strongly
second-order,4 involving a space–group transition from pro-
totype symmetry Pnan to room-temperature Pna21.9 This al-
lows the possibility of 180° twinning via several symmetry
operations. For illustration, the KTP structure and its twin
formed via a 2@010# operation through P(1) are shown in
Fig. 3, matched along the ~001! composition plane ~i.e., the
twin plane!. We can see that each K ion is highly coordinated
by oxygen atoms, and that at a short distance along the 2c
axis from each K ion there is an empty site [h(1) and h(2)
in Fig. 3# which can be viewed as alternative K sites. We
contend that the lattice strain normally associated with do-
main walls is very small or negligible because the local
strain of the formula units caused by twinning can be relaxed
without greatly distorting the original configuration of the
unit cell. This results mainly from the deformability of the
large cages around K~1! and K~2!. In this sense, such a do-
main wall in KTP should have relatively low energy.
K ions can easily move or diffuse possible via a hole
mechanism along the zigzag paths, usually termed channels,
winding around the @001# direction. It has been observed that
domain reversal by electron beam scanning occurs because
of the electric field developed because of the deposited elec-
tron beam charges at one surface. Therefore, it is reasonable
FIG. 3. @010# view of the twinned domains in KTiOPO4 related by a 2@010#
operation ~denoted on the figure! matched along the ~100! composition
plane ~i.e., the twin plane! through the P~1! atoms which lie on the @010#
pseudo-twofold axis. Shaded elements are the TiO6 octahedra and PO4 tet-
rahedra. Solid circles are the K ions and open circles represent the hole sites.
In the discussion, we consider twin element 1 as the original orientation of
the structure and twin element 2 to represent the domain-inverted regions.Appl. Phys. Lett., Vol. 66, No. 1, 2 January 1995
Downloaded¬14¬Jul¬2009¬to¬137.205.202.8.¬Redistribution¬subto assume that the electric field primarily drives the K ions
towards the negative electrode or ~001! face, for example,
moving K1 and K2 ions into K18 and K28 sites to form the
domain-inverted structure, i.e., the other of the twin compo-
nents. These movements of the K ions then provide second-
ary impetus for the TiO6/PO4 formula units to make the small
adjustments necessary so that inversion of the whole struc-
ture occurs within a region injected with electrons.
In conclusion, we have applied multiple-crystal
multiple-reflection high resolution x-ray topography for the
first time to the characterization of domain-inverted grating
in KTP fabricated by electron beam writing. Striation con-
trast has been revealed in high strain-sensitivity x-ray topo-
graphs, and is considered to be relevant to the domain inver-
sion process. A possible mechanism of the domain inversion
in KTP which involves a 2@010# twinning operation is pro-
posed, from which the usual invisibility of strain contrast of
the domain walls themselves can be understood.
One of the authors ~Z.W.H.! would like to thank S. J.
Teat for experimental assistance, and to acknowledge the fi-
nancial support of SERC under Grant No. GR/T 02414.
1F. C. Zumsteg, J. D. Bierlein, and T. E. Gier, J. Appl. Phys. 47, 4980
~1976!.
2 J. D. Bierlein and C. B. Arweiler, Appl. Phys. Lett. 49, 917 ~1986!.
3 J. D. Bierlein and F. Ahmed, Appl. Phys. Lett. 51, 1322 ~1987!.
4V. K. Yanovskii and V. I. Voronkova, Phys. Status Solidi A 93, 665 ~1980!.
5G. M. Loiacono and R. A. Stolzenberger, Appl. Phys. Lett. 53, 1498
~1988!.
6R. J. Bolt, H. deHaas, M. T. Sebastian, and H. Klapper, J. Cryst. Growth
110, 587 ~1991!.
7P. J. Halfpenny, L. O’Neill, J. N. Sherwood, G. S. Simpson, A. Yokotani,
A. Miyamoto, T. Sasaki, and S. Nakai, J. Cryst. Growth 113, 722 ~1991!.
8M. T. Sebastian, H. Klapper, and R. J. Bolt, J. Appl. Crystallogr. 25, 274
~1992!.
9P. A. Thomas, A. M. Glazer, and B. E. Watts, Acta Crystallogr. B 46, 333
~1990!.
10P. A. Thomas, I. J. Tebbutt, and A. M. Glazer, J. Appl. Crystallogr. 24, 963
~1991!.
11P. A. Thomas and A. M. Glazer, J. Appl. Crystallogr. 24, 968 ~1991!.
12 J. Armstrong, N. Bloembergen, J. Ducuing, and P. S. Pershan, Phys. Rev.
127, 1918 ~1962!.
13S. Somekh and A. Yariv, Opt. Commun. 6, 301 ~1972!.
14M. C. Gupta, W. P. Risk, A. C. G. Nutt, and S. D. Lau, Appl. Phys. Lett.
63, 1167 ~1993!.
15N. B. Ming, J.-F. Hong, and D. Feng, J. Mater. Sci. 17, 1663 ~1982!.
16M. M. Fejer, G. A. Magel, and E. J. Lim, Proc. SPIE 1148, 213 ~1989!.
17 J. Webjo¨rn, F. Laurell, and G. Arvidsson, J. Lightwave Technol. 7, 1597
~1989!.
18M. Yamada, N. Nada, M. Saitoh, and K. Watanabe, Appl. Phys. Lett. 62,
435 ~1993!.
19K. Mizuuchi, K. Yamamoto, and T. Taniuchi, Appl. Phys. Lett. 59, 1538
~1991!.
20C. J. V. d. Poel, J. D. Bierlein, J. B. Bowen, and S. Colak, Appl. Phys.
Lett. 57, 2074 ~1990!.
21F. Laurell, M. G. Roelofs, W. Bindloss, H. Hsiung, A. Suna, and J. D.
Bierlein, J. Appl. Phys. 71, 4664 ~1992!.
22U. Bonse, in Direct Observation of Imperfections in Crystals, edited by J.
B. Newkirk and J. H. Wernick ~Interscience, New York, 1961!, p. 431.
23P. F. Fewster, J. Appl. Crystallogr. 22, 64 ~1989!.
24Z. W. Hu, P. A. Thomas, and J. Webjdo¨rn, J. Phys. D. ~to be published!.15Hu et al.
ject¬to¬AIP¬license¬or¬copyright;¬see¬http://apl.aip.org/apl/copyright.jsp
